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Ié{fODUCTION

We have proposed to solve the life problems of the low
power lohgitudinally DC excited, CW wave guide laser. The
problem areas that presently limit the life of this laser are
listed below:

g. The requirement of a cold cathode technology that allows
one to maintain the proper gas composition over a long period
of time. These cathodes have to have a low sputtering rate
and produce deposits that are stationary and well attached to
harmless areas in the neighborhood of the cathode, No mirror
deposits can be tolerated.

2. Mirror intensity limits have to be known.

%. Proper sealing techniques are absolutely necessary for
long actual laser-life as well as shelf 1ife;\

A detailed discussion of our present reseaxch results in

these areas follows.

1. Cold Cathode Technology

In our proposal we predicted that the ten times higher pres-
sure of the waveguide laser would increase the IOmA/cm2 cathode
current density of the low pressure laser to roughly lA/cmz.
Actual cathode current densities, calculated by observing the
cathode spot area on a flat NiO cathode are shown in figure 1.

These results indicate about 330mA/cm2 for a gas pressure
of 200 Torr and a flat cathode. 1In a hollow cathode we may

expect higher current densities. Attempts to lower this

current density by heating tue cathode surface were partially

successful.
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By observing the cathode spot on external cylinder cathodes
with a hemispherical end closest to the anode we found the
existence of a critical cathode temperature. Exceeding this
temperature suddently increases the cathode spot, for a given
constant cathode current, 5 to 10 times. This leads of course
to the wanted 5 to 10 fold decrease in cathode current density.
This critical temperature is 600 to 800°C for Cu cathodes and
300 to 1000°C for Ni cathodes. At these temperatures, the
copper cathodes have an extremely low sputtering rate while
the nickel cathodes sputter considerably more. In both cases
the sputtering products attach themselves to the colder surfaces
on the cathode itself or on the walls in the vicinity of the
cathode. Gas analysis results for discharge tubes with these
cathodes are shown in figures 2 to 5. Despite carful construction,
the power generated by the cathode fall-voltage cathode-current
product is not sufficient for self heating. An additional 3.5
to 13 watts had to be generated by insulated Pt wire heaters
around the cathodes to bring them up to the critical temperatures.
We have tried in vain to design cathodes small enough to self-
heat., Cathodes with volumes of the order of 1 mm3 do self-
heat but have an insufficient area to accomodate the cathode
spot with the lower current density. Hesitantly we have to
admit that these indirectly heated cathodes do not offer a
good, viable engineering solution, 1Instead, we have turned

to semiconducting metal oxides for cold cathodes. Discharge

tube results are sc far quite encouraging. Figures 6 to 9




show reasonable gas composition results. The sputtering rates
are relatively low and the sputtering products seem to be
attached to surfaces near the cathode.

We had also proposed to investigate the use of copper

hydroxide as a water vapor source:

Cu(0R), *; Cud + H,0.

The published HZO vapor pressure is supposed to be around 1 Torr
at 20°C.

We found copper hydroxide to be a highly unstable H20 vapor
source. After evacuation and sealing-off the HZO vapor E
pressure indeed rose to about 1 Torr, but within 4 to 6 weeks
we found that the pressure had risen so much that we also found
liquid water on the walls and all the bluish looking Cu (OH)2
had turned black, an indication of conversion to Cu0O. It is
possible that this could be prevented by avoiding day light
expoure or it would not happen in the presence of the laser
gas. From an engineering point of view we consider Cu(OH)2

too unstable to be used as a reliable'HZO vapor source,

; ' 2., Mirror Intensity Limits

%

v Accurate mirror damage threshold information is very

8 1.

" g difficult to find or may nonexistent for particular experimental

aw-

conditions. Mirrow manufacturers usually do not test their

e

own mirrors and often depend on feedback from their customers.
Cautlous estimates run around ll(wlcm2 at 50°c blank temperature,

if a laser life in excess of several thousand hours is required.
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In order to stay within this limit a small waveguide laser with
a peak output intensity of only lw/mm2 has to be restricted to
an outpuf mirror with a reflectivity of R<0.9.

We have destroyed mirrors working with ZKw/cm2 in trying
Zo tune the cavity length by hecating the mirror supports to
30°C. These mirrors lasted less than 500h. Mirrors working
at room temperature with intensities of ll(wfcm2 have so far

shown no measurable damage over periods up to 3000 hours.

3. Sealing Techniques

We have always been convinced that it is irresponsible
to use epoxy resin seals in experiments that already have too
rany variables and vwhich take a long time to show conclusive
results., The indium seals we developed years ago are a very
attractive alternative because they allow one to join materials
with different thermal expansion coefficients while adding only
a few microns in film thickness to the seal length, These
seals are vacuum tight and do not contaminate other parts of
the laser because of the extremely low vapor pressure of
liquid indium. Their only drawback is the relatively low
melting point of indium which,after assembly of the structure,
limits outgassing temperatures to at most 150°, The fact that
the laser bodies are assembled in a vacuum at temperatures
between 250° and 300°C helps to pre-outgas the structures
during the sealing process. Until recently we have not been
able to prevent very small leaks in the indium seals of our

2e0 laser structures., The very good heat conductivity of BeOD

SN AL el b AR e b ¥

SO, T e e R

P A 5 T g DRNET " 0 1 e gy T




11 i iy

requires one to make _ve indium seals simultaneously at the
same temperature, namely: two vertical end plates and the
three horizontal electrode flanges. An additional difficulty
arises from the faét that the grain size of the sintered BeO
does not permit one to polish these surfaces to better than
about a 2-4y inch surface roughness. In the past these adverse
conditions have always resulted in very small leaks that had

to be sealed with an external application of epoxy resin. A
major effort, requiring about 5 man months of time, has now
permitted up to perfect these sealing techniques to such a degree
that no leaks can be detected on the most sensitive range of

a Veeco ii5-12 He-leak detector with the whole laser surrounded
by He contained in a plastic gag., All the laser flanges are
made from type 416 stainless steel sealed directly to BeO.

The ZnSe windows are sealed to type 416 stainless flanges and
all flanges use indium "O0" rings for the final assembly and
alignment, This is the first time we have properly assembled
laser structures and the parts are shown in the pictures

furnished in the appendix.

Laser Results

A powver output versus time curve for a Be0 laser structure
with internal mirrors is shown in figure 10. The laser
structure used was similar to the one shown in the appendix
but the seals were not yet perfected and had to be repaired
with an external application of epoxy resin. The first run

marked I, shows that the laser output drops from 1.2W to
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to about 1W during the first 500 hours, to 0.6 after 1000 hours
and then slowly decreases to 0,32W after 1600 hours. ~as
analysis‘with the mass spectrometer gave no clue for this drop.
Vacion pump-down to about 10—6 torr over a period of a few
hours and a new filling restores the original power but the
laser output drops to 50% in 120 hours. Vacion pump-down to
1078 torr over a period of 1 week with the laser heated to 80°C
are the basis for curve II in figure 10, As seen, the initial
power output is restored to 1.2W and drops to 0.68W after 1680
hours. Again the mass spectrometer analysis of the gas gave

no reason for this power drop. Pump-down to about 1 torr and

a new gas fill yields 0.73W output power, barely a 10% power
increase. This result substantiates the mass spectrometer
analysis, indicating that the gas composition is not respon-
sible for the power drop. This power drop could be explained
by condensation products on the laser mirrors which introduce
loses, but do not permanently damage the mirrors themselves

and can again be removed by extensive evacuation., We have not
been about to find any unusual outgassing products with our UTI
mass spectrometer in the 0-300 AMU range. The cathodes of

this laser were made from 4N pure copper and a quick search

in the tables of the Handbook of Physics and Chemistry reveals
the underligned compounds shown in the appendix that can be
formed with Cu,C, 0 and H, Quite a few of these compounds are

indeed relatively unstable and therc may be others such as

copper carbonyl that are so unstable that this particular
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source does not even list it and its existence is questioned

in the literature. We are of course also aware of the claims
that CO stored at high pressure in steel tanks can form suchcom-
pounds as iron carbonyls and that filters are used for cleaning E
nurposes, We have outgassed the laser again for one week to a
residual vacion pump pressure of 10"8 torr and refilled the

laser with the gas mixture. This time the gas mixture was

slowly driven through a 10cm long lcm ID tube filled with quartz

wool heated to 400°C in an effort to remove such "gas bottle

residues”"., Curve IIIl in figure 10 shows that the filtering
effort was futile. The resulting curve falls between curves

I and II and can be best explained by the fact that the out-
gassing was not done as well as for run II because the structure
was kept at room temperature instead of at 80°C as was done
for run II1. The mirror contamination hypothesis becomes even
more convincing if we compare the previous results with the
ones in figure 11. Here a similar laser structure which used
Brewsters windows and external mirrors indicates an almost
constant power output of 0.36W over a period of 2000 hours.
These Brewster angle windows were 2 cm farther away from the
laser bore ends than the internal mirrors which were separated

by less than 0.5mm from these ends. The active discharge itself

approaches the bore ends to withinm 1l.6cm as shown by the laser
body drawings in figure 12, The closer internal mirrors are
of course much more prone to contamination or ion damage than

the more distant Brewster windows. The argument above is
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weakened by the fact that a different type of cathode was used in :
this laser,
J{ the mirror contamination theory is correct we will have to

investigate the following possible causes:

a) The creation of unsuitable cathode sputtering by products
which end up on the mirrors.

b) The residual H or H20 caused by poor outgassing which
might allow the formation of these mirror deposits.

¢) The epoxy coated seals which outgas or permit HZO to
penetrate into the laser. f

d) The electrostatic charge accumulation on the mirrors and

their insulated supports which attract the sputtering

by-products. ]
e) The mirrors are possibly too close to the bore ends.
f) The laser, shown in figure 12, has built~-in gas return
paths that allow a slow gas circulation in front of the

mirrors. This circulation may be responsible for carrying 4

sputtering or decomposition products to the mirrors.

Conclusions

We have tested and partially evaluated over 40 combinations of
cathode materials and gas fillings in discharge tubes, A few of
these cathode materials are sufficiently promising to be tried in
actual laser. We have also learned to assemble Be0 laser structures
with indium sealing techniques, asscmbied one structure and have
twvo more ready for mounting., 20KW DC power supplies to feed six
of these lasers have been build and two 30%&/s vacion pump systeus

were added to the existing one.
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One laser, with epoxy coated seals, Cu cathodes and internal
mirrors, produced 1.2W over the first 500h and dropped to half
vovor after 1000 to 1500h as shown in figure 10. This power
reduction seems to be the result of mirror deposits rather than
gas mixture failure. Evacuation over prolonged periods of time
restores the laser to the original condition. A similar laser
structure, with Brewster windows and external mirrors shows in
figure 11 an almost flat power output cgrve out to 2000 hours.
This life improvement is most likely caused by the fact that the
Brewster windows were farther away from the bore ends than the
internal mirrors of the structure mentioned before,

Attempts will now be made to avoid this mirrow deposit
problem by using laser structures with proper seals and other

cathode materials.

Proposal

One of the most promising class of cathode materials con-
sists of sintered and properly doped metal oxides, It may
actually turn out that doping is more important to produce the
proper cathode spot temperature than to directly affect the
emissive properties of the cathode surface., The heat equation

in the cathode material is given by

div a(z) grad T = T

with the dominant boundary condition term for the cathode spot

arceca;
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A(t) grad T = VCJ,

and much more difficult boundary conditions for the rest of the
cathode surface. An exact solution for the actual cathode
geometry is probably quite hard to find but not essential to
study the physics ot the problem., Reducing the cathode to a
cylinder of length <, with a constant cross section equal to the
cathode spot results in the one dimensioﬁal heat equation

o(T) %; (X (1) %% = J2 = constant

with the simplified boundary conditions

n

A QI V J at z = 2
dz c

T =T, at z = 0,

0

where

A(T) = T- dependent heat conductivity of- the cathode
material
0(T) = electrical conductivity of the cathode material

VC =« cathode fall voltage
J = cathode current density
It does not appear to be too difficult to solve the nonlinear
differential equation numerically by an iterative method. The
first step in this process, replacing X(T) and o(T) by constants,

evaluated at an approximate average tempcrature, 1is good enough

10




sor the moment. This simplifies and linearlizes the cquation t.

d2
oA —y = J = const
dz
1 ).—q—’]: = V J at z = ¢
dz c
( T = TO at z = 0
jﬁ Its solution
3 2 _
¢ T(z) - T, = J 2 Z _y 5\2 + s z
0 o 1 2 (sz' A )
b
. vields
; 2 JV 2
- 1 J Q
= +
A T( zg ) + A T0
A
¢-~ which can now be numerically evaluated. Typical values for the
parameters arec
¥
o,
Y A20.08 J/em K ]
R .
R 22¢0.15 cm !
7 !
+ 2 [
. Jx=0.14 A/cm .
3~ y
g < V_ 2300V '
s, 7 c
g 3 ") -7 -1 , ;
: 0= 10 to 10 (Qcm) by doping. ;
N < .
M With these values and with TO ~ 200°C
107" o

T(:) =185 " + 80 4+ 200 C

. ./ -
’,:;lo()SoC for o = 10 ‘(.’.‘cm) 1.

s
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The electrical conductivity can be expressed by

-E_
kt °

(T) = Ae
This strong temperature sensitivity should have a highly
stabilizing effect on the cathode temperature.

We feel this is certainly a far more promising way to reach
the higher cathode temperature than indirect heating with a Pt
wire heater,

Presently we propose to investigate this approach in dis-
charge tubes and, if it appears to be successful, in actual lasers
as well, At the same time we intend to continue testing some of
the more promising cathodes in actual lasers. If the apparent
mirror condensation problem persists with other cathode materials
we may have to investigate and remedy its cause. In this case

access to surface analysis equipment in government laboratories

may have to be requested.

12
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Detail of Indium solder seal

between BeO Laser body and
416 Stainless Steel endplates

Detail of Indium solder seal
between BeO Laser body and

22mm O.D. 416 Stainless Steel ring.
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